T here are at least three types of blinks, reflex, spontaneous, and voluntary, that can lower the lid as little as a few micrometers or completely close the eyes. Reflex blinks protect the eye, rapidly lowering the upper eyelid in response to an assortment of stimuli that could damage or signal damage to the eye. Because reflex blinks also occur in response to cornea1 drying, reflex blinks help maintain tear film continuity on the cornea by spreading tears. Like other reflexes, the size of reflex blinks depends on the magnitude of the stimulus. For example, a weak stimulus may evoke a reflex blink that lowers the upper eyelid as little as 100 pm, while a strong stimulus elicits full lid closure. Indeed, the nervous system adaptively regulates the relationship between stimulus magnitude and the amount of lid closure (see below).
Primates also produce spontaneous blinks that occur in the absence of sensory stimuli, as if initiated by a central pattern generator.
For example, humans make I O-20 spontaneous blinks a minute. This is a rate much higher than that required to keep the cornea moist. The size of spontaneous blinks is also quite variable. The modal size is -6 mm, which is about one-half the amplitude required for full lid closure (8, 14 (Fig. IA, vel) . In contrast, lid saccades achieve nearly equal velocities for both upward and downward lid movements ( Fig. 1 B, vel) . There is a unique relationship between the maximum velocity and the amplitude of the lid movement for both down and up phases of a blink and down and up lid saccades (Fig. 1 C) tween amplitude and maximum velocity is linear for blinks but is a power function for downward lid saccades. In contrast, the best-fitting linear relationship between amplitude and maximum velocity for upward lid saccades and blink up phases are virtually identical ( Fig. 1 C) . A simple set of four forces acting on the upper eyelid accounts for these distinctive kinematic relationships.
Forces producing movement of the upper eyelid
The interaction of four forces can explain all the movements of the upper eyelid: I) an active downward force generated by the sphincterlike orbicularis oculi (00) muscle that wraps around the upper and lower eyelids like a purse string, 2) an active upward force exerted by the levator downward force produced by stretching tendons and ligaments connected to the LP, and 4) an upward force produced by Miiller's muscle, a smooth muscle bridging the belly of the LP and its tendon ( Fig. 2A) This ligament attaches to the medial and lateral walls of the orbit and restricts movement of the upper lid, as do the palpebral ligaments.
Thus, when LP contracts, it stretches the palpebral ligaments and the superior transverse ligament like bows, as well as lengthens the elastic aponeurosis.
The more LP contraction palpebrae superioris (LP) muscle that originates that occurs, the greater the stretching and the at the back of the bony orbit and inserts on the larger the passive downward forces created. lower margin of the upper eyelid, 3) a passive
Thus the balance between the upward pull of the To make an upward saccadic lid movement, the LP produces a burst of activity followed by a higher level of tonic activity (Fig. 2B , up lid saccade) (7). This burst rapidly moves the lid to a more elevated position, and the new higher tonic activity holds the lid in place against the increased passive downward forces. Both the 00 and the LP, however, participate in blinking (Fig. 24 blink) . The LP motoneurons cease discharging, and then the 00 motoneurons produce a high-frequency burst of activity. The upper eyelid rapidly lowers because of the combined actions of the passive downward forces and the 00 contraction.
The 00 then turns off, and the LP gives a burst of activity or simply resumes its previous tonic activity (7). This activity raises the eyelid until the passive downward forces equal the tonic upward forces generated by the LP. Thus the closing phase of a blink is faster than any other lid movement because a combination of active and passive downward forces produces it. The up phase of a blink and upward lid saccades are kinematically similar because both employ the same activity pattern against an ever-present passive downward force. The distinctly different patterns of 00 and LP activity in blinks and lid saccades may reflect the phylogenetic history of these muscles. Other muscle activities associated with blinking
The transient con traction of the 00 and relaxation of the LP m uscles that close the eyelid are the major muscle activity associated with blinking, but not the only one. The actions of other muscles retract the eyeball back into the orbit with each blink. All the extraocular muscles except the superior oblique transiently cocontract during a blink (4). Cocontraction of pairs of opposing extraocular muscles is unusual because, in all other circumstances, these muscles act in a push-pull fashion to generate eye rotation.
Unless the eye is already centered, extraocular muscle cocontraction must rotate the eye into a centered position as it pulls the eyeball back into the orbit with a blink (6). For example, when an animal is looking down, blinking produces a transient upward rotation of the eye. Looking to the left when a blink occurs results in a brief rightward rotation of the eye. It is simple to demonstrate this eye rotation with blinking on yourself. In a darkened environment to minimize visual masking, turn your head to the left while looking at a dim light so as to rotate your eyes far to the right. In this situation, blinking produces a rapid rightward image motion followed by a slower return. Looking in other directions will confirm that the initial eye rotation with a blink is in the direction that your eyes are gazing. Such image motion occurs when the eyeball rotates in the direction opposite to which you are looking back toward the center of the orbit. Thus the eye rotation with a blink is an artifact of the retraction of the globe into the orbit generated by muscle cocontraction.
This extraocular muscle cocontraction is probably the earliest form of a protective eye reflex that originated in species without eyelids, e.g., fish (15). In addition to extraocular muscle cocontraction, many animals have a set of muscles whose sole purpose is eyeball retraction.
These retractor bulbi (RB) muscles receive their innervation from the Vlth nerve, which also innervates the abducens extraocular muscle. The muscle fibers of the RB are primarily fast fatiguable, like those of the 00 muscle. Consistent with this difference between the RB and extraocular muscles, the RB receives its innervation from a pool of motoneurons ventral and lateral to the abducens nucleus, the accessory abducens nucleus. These motoneurons send their axons up and around the abducens nucleus to join the Vlth nerve as it begins its exit from the abducens nucleus (12). In many species, the eyebal I retraction generated by the RB and extraocular muscle contraction causes passive movement of the nictitating membrane over the cornea.
As the eyeball retracts into the orbit, it squeezes the nictitating membrane out and over the front of the eye (12). Possession of a moveable nictitating membrane, however, is not a prerequisite for having retractor bulbi muscles.
For example, guinea pigs, which do not have a moveable nictitating membrane, have small RB muscles innervated by the accessory abducens nucleus (2). In primates, the retractor bulbilike muscles, the accessory and lateral and medial recti, exhibit morphological characteristics of both extraocular and retractor bulbi muscles (13). In some species such as birds, whose tight orbit restricts eyeball retraction, the retractor bulbi muscle has been mod- NIPS Volumeified so that a tendon of the muscle forms the nictitating membrane. In these species, nictitating membrane movement is an active process rather than a passive consequence of eyeball retraction (2, 12). Blinking is a constellation of actions. The eyelid closes because of 00 muscle activity and the release of passive downward forces. The eyeball retracts into the orbit because of extraocular muscle cocontraction and RB contraction causing the nictitating membrane to move over the cornea. Because the different muscle activities and movements are interrelated, it is possible to get an accurate estimate of the components of the blink by measuring only one of these actions or muscle electromyograms (EMGs). This is an advantage to using blinking as a model system and points to one aspect of the evolution of blinking.
Teleost fish use eyeball retraction as a protective reflex in the same way that mammals use eyelid closure and elevation of the nictitating membrane to protect the eye (15). The eyelid would appear to be an adaptation to keep the cornea moist in species spending a significant amount of time out of the water. It seems likely that the circuits that developed to produce eyeball retraction in response to sensory stimuli in fish became coopted to drive the facial and accessory abducens motoneurons innervating the 00 and RB muscles. Consistent with this A hypothesis, the EMG activity of extraocular muscles and 00 muscles is very similar during a blink (4). Moreover, the same trigeminal neurons that are premotor to accessory abducens motoneurons also innervate facial motoneurons (1). Evolving the LP from the superior rectus extraocular muscle enabled the eyelid to move efficiently with vertical eye movements against passive downward forces (2, 10). Thus the eyelid system is a hybrid of the tonic eye movement control system and a phasic protective reflex.
Blink reflex circuits in the brain stem segment of the spinal cord. The short-latency circuit generates the initial burst of 00 motoneuron activity ( Fig. IA, RI ; Fig. 3 , initial response) (9). This circuit is preprogrammed so that a given amplitude stimulus produces a specific magnitude of 00 motoneuron activity. Increasing stimulus amplitude while holding duration constant produces larger responses from the short-latency circuit even though the entire response occurs well after completion of the stimulus (Fig. 3A) . The circuit is relatively insensitive, however, to sensory feedback. For example, increasing stimulus duration while leaving its intensity constant produces no change in the amplitude of the initial response even though the stimulus now lasts longer than the short-latency response (Fig. 3B) . The minimum configuration of this short-latency circuit is trisynaptic, a primary sensory afferent, an interneuron, and an 00 motoneuron.
In contrast, the long-latency circuit usually generates a larger response but at a significantly longer latency than the short-latency circuit ( Fig. 1 A, R2 ; Fig. 3 , late response). The long-latency circuit is sensitive to sensory feedback and tailors the blink to match the stimulus parameters and the effect of the blink on reducing the stimulus. Thus lengthening stimulus duration while holding amplitude constant increases the magnitude of the response generated by the long-latency circuit but does not significantly change the response of the short-latency circuit (Fig. 3B ). Most changes in the blink produced by the adaptive processes occurring with changes in muscle strength express themselves as modifications of this longlatency circuit (3). Similarly, most diseases and drugs that modify reflex blinks act on elements of the long-latency circuit. The configuration of this circuit is poorly understood, but it involves neurons in the reticular formation and uses the same 00 motoneurons as the short-latency circuit.
While it might appear that the most important aspect of blinking is generating the excitation to produce a blink, inhibition is actually the most crucial aspect of blinking.
Consider what happens during a blink. As the lid lowers, wind rushes through the eyelashes and the lid rubs across the cornea. Because presentation of either of these stimuli will evoke a reflex blink, each blink must initiate a "refractory period" in which ensuing reflex blinks are suppressed (Fig. 4A ). The suppression of blink excitability is largest immediately after a blink, then gradually recovers over a 1 -to 2-s period (Fig. 4B) excitatory drive on the blink reflex circuits. Thus the reason blinks do not initiate a cascade of blinks is the self-inhibition after each blink (Fig.  4B) . When the nervous system reduces or loses this self-inhibition, a simple blink can produce a spasm of lid closure (Fig. 4C) .
The blink is an excellent model system for investigating the neural control of movement. The mechanics of the eyelid and its neural control are more straightforward than most movement systems. Nevertheless, bl inks are not "dumb" components ing serves as a marke of motor r for cogn behavior.
Blinkitive processing. Blinking exhibits rapid motor learning, and higher neural centers exert significant control over blinking.
Thus an analysis of the brain stem mechanisms controlling blinking offers insight into how the nervous system initiates and manages motor behavior. sanoids has focused on their role as intercellular messengers that are released from one cell type to act on another, more recent information provides strong evidence that this class of mediators also subserves an intracellular or autocrine role.
Examples include the finding that the activity of at least one isoform of a key enzyme responsible for the cleavage of arachidonic acid from the membrane pool, phospholipase A,, is stimulated in response to a variety of hormones 
